Introduction
Herpes simplex virus type 1 (HSV-I) is a ubiquitous human pathogen that provides an excellent system with which to study the regulation of viral gene expression. The complete sequence of the dsDNA genome of over 150 kb, encoding at least 70 distinct genes, is known (McGeoch et al., 1988a) . The genes can be grouped into three broad classes, depending on the time course and regulation of their expression (for reviews see Wagner, 1985; Everett, 1987) . The first genes to be transcribed, in a process involving the cellular RNA polymerase II (Costanzo et al., 1977) , are classified as immediate early (IE) genes. A component of the virus particle, Vmw65, stimulates IE gene transcription by interacting with cellular transcription factors in a complex with a specific IE regulatory target DNA sequence found in one or more copies upstream of all of the IE promoters (Campbell et al., 1984; McKnight et al., 1987; Preston et al., 1988; O'Hare & Goding, 1988; Gerster & Roeder, 1988) . Of the 0000-9276 © 1990 SGM five IE gene products at least three, Vmw175 (ICP4), Vmw63 (ICP27) and Vmwll0 (ICP0), are involved in the transcriptional regulation of later classes of genes (Preston, 1979a ; Sacks et al., 1985; Stow & Stow, 1986; Everett, 1989) . The activation of early gene transcription requires the presence of functional IE polypeptides, whereas fully efficient late gene transcription is also dependent on the onset of DNA replication. During a normal infection with wild-type virus IE gene expression is subject to autoregulation.
The product ofIE gene 3, Vmw175, plays a central role in the regulation of viral gene expression. Certain virus mutants with temperature-sensitive (ts) lesions in IE-3, for example tsK, are unable to activate early or late viral gene expression and fail to autoregulate IE gene expression at the non-permissive temperature (NPT) (Preston, 1979a) . The defect in tsK is caused by a single amino acid substitution at residue 475 in the predicted 1298 amino acid sequence of IE gene 3 (Davison et al., 1984) . This mutation lies in a region highly conserved in T. Paterson, V. G. Preston and R. D. Everett The boxes refer to the repeated sequences bounding the long and short unique regions. Below this, parts of IRs and IRL are shown with the intervening a sequence and some landmark restriction sites (S, SstI; H, Hincll; B, BamHI; E, EcoRl) . The lower lines refer to the IE gene 3 transcript, its coding region and the positions of the conserved regions 2 and 4 (see text) respectively, The locations of the four sequenced ts mutations tsK, ts1219, ts1221 and ts1225 are also shown.
the corresponding proteins of all the alphaherpesviruses so far sequenced (McGeoch et al., 1986; Vlcek et al., 1989) . This region, which includes the position of the lesion in tsK, has been defined as region 2 (see Fig. 1 ). DNA sequence comparisons have identified another major conserved region (defined as region 4) in the carboxy-terminal third of the polypeptide. The functional importance of region 4 has been demonstrated by the isolation of ts and deletion mutants with defects that map in its vicinity (DeLuca et al., 1984; DeLuca & Schaffer, 1988) . In addition, the construction of insertion mutations in a plasmid-encoded copy of IE gene 3 has shown that mutations in both regions 2 and 4 can affect the ability of Vmw175 to regulate gene expression in transfection assays (Paterson & Everett, 1988a) . In contrast to tsK, which fails both to activate early and late gene transcription and to autoregulate IE expression, the ts mutants described by DeLuca et al. (1984) are at least partially permissive for early gene transcription, although they are unable to autoregulate IE gene expression at the NPT.
An important step forward in the understanding of the mechanism of action of Vmw175 has been the demonstration that it can bind specifically to certain DNA sequences containing the consensus sequence ATCGTC Beard et al., 1986; Muller, 1987; Tedder et al., 1989; Kattar-Cooley & Wilcox, 1989) and also (perhaps less strongly) to other sequences that have been less well characterized (Michael et al., 1988) . Although ATCGTC sequences occur throughout the HSV-1 genome they are not commonly found in the regions of early and late promoters. An exception is the strong ATCGTC binding site found about 100 bp upstream of the 5' end of glycoprotein D (gD) RNA; this site has been implicated in the optimal stimulation of the gD promoter by Vmw175 in vitro (Tedder et al., 1989) . However, the general significance of such binding to the mechanism of activation of the early and late promoters remains unclear. In contrast, the strong binding site at the IE gene 3 cap site (Muller, 1987) has been implicated in the mechanism of autoregulation both in transfection assays (Roberts et al., 1988) and in the viral genome (DeLuca & Schaffer, 1988 ). An obvious model is that binding of Vmw175 to the cap site region of the IE-3 promoter may impede either the passage of polymerase or the formation of protein-DNA complexes essential for transcriptional initiation.
A large number of insertion and deletion mutations of Vmw175 (constructed in vitro) have been studied in DNA-binding assays. These studies have shown that the principal part of the polypeptide that is important for binding to DNA lies within region 2 (DeLuca & Schaffer, 1988; Paterson & Everett, 1988b; Shepard et al., 1989) . However, the DNA-binding properties of ts alleles of Vmwl75 have not been described. This study set out to investigate the DNA-binding properties of Vmw175 specified by tsK and other ts mutants with defects in Vmw175, and to investigate the relationship between the ability of Vmw175 to bind to DNA in vitro and its ability to activate early gene transcription and repress IE gene expression at the NPT in vivo. The results indicate that Vmw175 encoded by ts1225 is able to bind to DNA in vitro at temperatures at which it fails to autoregulate gene expression in vivo. In addition, some ts mutants in region 4 that are unable to bind to DNA at the NPT are, like those described by DeLuca et al. (1984) , partially permissive for early gene transcription. This suggests that the ability of Vmw175 to bind to one class of recognition sequences in vitro does not correlate with the activation of early genes during virus infection.
Methods
Viruses and cells. HSV-1 Glasgow strain 17 syn + was the wild-type virus from which all ts mutants were isolated. Mutant tsK, with a single base substitution in IE gene 3, has previously been characterized (Marsden et al., 1976; Preston, 1981) . Virus inl411, with a stop codon inserted near the amino terminal end of the Vmw 175 coding sequence, has been described by Russell et al. (1987) . Virus d11403, with a large deletion in the coding region of both copies of IE gene 1, has been described by Stow & Stow (1986 (Sanger et al., 1977 (Sanger et al., , 1980 Marsden et al. (1978) .
Preparation of nuclear extracts from infected cells. Nuclear extracts of
infected cells were prepared by a modification of the procedure of Dignam et al. (1983) . HeLa cells were infected with 5 p.f.u, per cell of wild-type and mutant viruses at either the permissive temperature (PT) or the NPT. Five h after a 1 h adsorption period the cells were scraped into phosphate-buffered saline, pelleted and resuspended in 2 vol. of buffer A (10 mM-HEPES pH 7-9, 1.5 mra-MgC12, 10 mM-KCI and 0-5 mr, I-DTT), followed by the addition of NP40 to a concentration of 0-5 %. After 10 min on ice the nuclei were pelleted by centrifugation in the Sorvall SS34 rotor at 2000 r.p.m, for 10 min. The supernatant was discarded and the nuclei were further compacted by spinning at 12000 r.p.m, for 20 min in the same rotor. Proteins were eluted from the nuclei by incubation on ice in 2 vol. of buffer C (20 mM-HEPES pH 7.9, 25% glycerol, 0-42 M-NaCI, 1.5 mM-MgC12, 0.2 mM-EDTA, 0-5 mM-PMSF and 0.5 mM-DTT) for 30 min with frequent mixing. The nuclear debris was pelleted by centrifugation in the Sorvall SS34 rotor at 15000 r.p.m. for 30 min. The supernatants containing the nuclear DNA-binding proteins were frozen in dry ice/ethanol and stored at -140 °C. The Vmw175 contained in such extracts retained the ability to bind to DNA, without any loss of activity, over several months and cycles of freezing and thawing. Whole cell extracts of nuclear DNA-binding proteins were also prepared by resuspending the cells directly in buffer C, adding NP40 to a concentration of 0.5% and continuing as for the method using isolated nuclei. The two methods gave essentially indistinguishable results.
Analysis of the DNA-binding capability of Vmw175 by gel retardation.
The ability of Vmw175 to bind to the IE gene 3 cap site region was assayed using the conditions and probe described by Muller (1987) . The 45 bp BamHI-AvaI fragment spanning the IE-3 cap site was endlabelled using [c~32p]dNTPs and T4 DNA polymerase, separated on an 8~ polyacrylamide gel, eluted and purified through a Sephadex G-50 column. Binding reactions were carried out for 20 rain at the temperatures indicated in the text in 20 Ixl volumes containing 1 ~tg poly(dI).poly(dC), 0" 1 ng of probe and 1 to 4 Ixl of nuclear extract (4 to 20 ixg of protein) in a buffer containing 10 mM Tris-HC1 pH 7.6, 1 mM-EDTA and 0.1% NP40. The variations in salt concentration (20 to 80 mM-NaCI) due to the occasional variation in the amounts of nuclear extract used did not affect the formation of the Vmw175-specific complex, as this was stable up to at least 300 mM NaC1 (see Fig. 7 ). The complexes were resolved on 4% polyacrylamide gels run in a Trisborate-EDTA buffer and were detected by autoradiography of the dried gels. Confirmation that complexes contained Vmw175 was obtained by incubating the binding reaction for a further 10 rain with monoclonal antibody 58S (Showalter et al., 1981) , which recognizes an eipitope near the carboxy terminus of Vmw175 (Paterson & Everett, 1988 a) . The specific complexes were further retarded by binding of the antibody. Binding reactions at the NPT were transferred without delay to wells in the separation gel, which was at room temperature. The initial voltage of 150 V was immediately applied and separation continued for 2 h.
Results

Isolation of ts viruses with lesions in IE gene 3 and their characterization by marker rescue
Five ts viruses isolated from mutagenesis experiments were rescued by wild-type virus DNA fragments spanning the joint region of the genome, including BamHI k (Table 2 ; Fig. 2 ). The mutations in these viruses were thought to lie in the Vmw175 coding region and were thus mapped more precisely. To achieve this it was necessary to determine the plating efficiencies of the mutant viruses at different temperatures. These results are shown in Table 1 ; all the mutants gave few, if any, plaques at 39.5 °C, whereas ts1221 and ts1225 were relatively unimpaired at 38.5 °C. Therefore it was important, at least for ts1221 and ts1225, to take great care to maintain the NPT at 39-5 °C when necessary. Subfragments of BamHI k generated by digestion with HinclI, SstI or Sau3A were isolated and used in marker rescue experiments. The results are shown in Table 2 and 3.3 × 10 -4 6.7 × 10 -6 ts1219 6.7 x 10 -6 6-7 x 10 -6 ts1221 8.6 x 10 -1 1-4 x 10 -5 ts1223 6.7 x 10 -6 6-7 × 10 -6 ts1225 1-1 x 10 -1 6-7 × 10 -6 * The five ts viruses were plated onto BHK cells at various dilutions and incubated at the indicated temperatures. The numbers represent the ratios of the numbers of plaques arising at the NPT (38-5 or 39-5 °C) compared to those at the PT; ts1221 and ts1225 are leaky at 38.5 °C. Table 2 and the deduced locations of the ts lesions are indicated. The coordinates refer to the nucleotide sequence starting at the long repeat end of BamHI k and assume the presence of a single copy of the a sequence. The BamHI site at the right end is at codon 574 in the IE-3 coding region and the termination codon for Vmw175 is at position 3775 in the numbering system shown here. Fig. 2 ).
Progeny virus was titrated at the PT and the NPT and a marker rescue index was calculated as titre at NPT x 100 divided by titre at PT.
:~ Results taken as significantly above background level are shown in bold type.
§ ND, Not determined. (1986) . Lack of rescue of ts1219 by any of the Sau3A fragments suggests that the lesion is close to a Sau3A site, which was later confirmed by DNA sequencing (see below).
The patterns of polypeptide synthesis by the ts viruses at the PT and the NPT
The ts lesion in tsK, which maps in region 2 of Vmw175 (as described in the Introduction), eliminates the ability of Vmw175 both to activate early and late promoters and to repress IE gene expression at the NPT (Preston, 1979b) . In contrast, the ts mutations described by DeLuca et aL (1984) , which map further towards the carboxy terminus of the polypeptide, retained at least a partial ability to activate early gene expression. Since the mutations in the ts mutants described above also map distal to that of tsK it was of interest to see whether these mutations also retained partial gene activation ability at the NPT. BHK cells were infected with the five ts mutants at 31 °C or 39.5 °C and proteins were labelled with [35S]methionine from 3 to 4 and 3 to 10 h after adsorption. Parallel plates of cells, mock-infected or infected with strain 17 or tsK, were included as controls.
As some of the mutants exhibited temperature sensitivity only at 39-5 °C (Table 1) great care was taken to ensure that all inocula and media were warmed before use. The cells were harvested directly into sample buffer and the labelled proteins analysed by gel electrophoresis and autoradiography.
The results (Fig. 3) show that in comparison to the viral proteins synthesized by wild-type virus at the NPT, tsK viral gene expression was limited to over-expression of IE polypeptides Vmw175, Vmwll0, Vmw68 and Vmw63 (most clearly seen in 3b, lane 3). The four most prominent high Mr viral polypeptides in the wild-type control (lanes 2 in b and d) are the major capsid protein, the large subunit of ribonucleotide reductase (RR1), gB and the major DNA-binding protein, which migrates close to Vmw110. Further down the gel Vmw65 is visible (migrating slightly more slowly than Vmw63 in lane 3), whereas below the prominent actin band a number of lower Mr virus-specific bands can be seen. The five other ts viruses exhibited partially permissive expression of several early and early-late genes at the NPT. For example, all synthesize detectable quantities of the major capsid protein, RR1, gB, Vmw65 and the lower Mr viral polypeptides. However, these five other ts viruses were defective in IE gene repression, since all overproduced the IE polypeptides. (most easily seen with the largest visible viral band, Vmw 175). Mutant ts 1219 expressed the largest amounts of Vmw175 and Vmw63, which correlated with its synthesis of the smallest amounts of early and late polypeptides; and as such it most closely resembles the phenotype of tsK. Mutants tsl211 and ts1221 seem to resemble wild-type virus more than the others, whereas ts1223 overproduces at least as much Vmw68 as tsK. Therefore one striking feature of the patterns of polypeptide expression of these viruses is the difference in detail, which suggests that there may be differences in the exact way in which each gene is regulated. However, in general the phenotypes of these ts isolates are similar, with regard to the expression of viral polypeptides, both to each other and to the mutants described by DeLuca et al. (1984) .
The ts viruses were also tested for their abilities to synthesize viral DNA. Despite their expression of detectable levels of many early proteins, all showed drastically reduced D N A synthesis levels compared to wild-type virus at the N P T (results not shown; Paterson, 1989) . It is possible that, although many early gene products are present, one or more of the viral polypeptides that are essential for viral D N A replication (McGeoch et al., 1988b) are not synthesized at restrictive temperatures by these viruses (at least in amounts sufficient to support D N A synthesis). The alternative explanation for the lack of D N A synthesis at elevated temperatures by the ts mutants, that Vmw175 is required directly for D N A replication, is unlikely as Vmw175 is not required in replication assays using plasmids that express high levels of the D N A replication gene products (Heilbronn & zur Hausen, 1989) .
The mutations in ts1219, ts1221 and ts1225 affect conserved amino acid residues in region 4 of Vmw175
To determine the precise amino acid changes that could give rise to the interesting phenotypes of defective autoregulation, but partially permissive transcriptional activation, three representatives of the five ts mutants described above were chosen for DNA sequence analysis. Viral DNA was prepared from ts1219, ts1221 and ts1225 and the IE-3 regions of each cloned into pUC9. The relevant SstI-SstI or SstI-HinclI fragments from these clones (see Fig. 2 and Table 2 ) were cloned into M13mpl8 and Ml3mpl9 such that they could be sequenced in both orientations, so as to cover the entire fragment. To facilitate the detection of the mutations, clones containing the corresponding wild-type virus fragments were sequenced and analysed in parallel. The three ts mutations are all single point mutations that affect amino acid residues 865, 824 and 966 in region 4 (Fig. 4) . No other mutations were detected in the fragments that were sequenced and, since these fragments phenotypically rescue the ts mutations, it is highly probable that the defects are caused by these single amino acid substitutions. However, it can not be excluded that there are further point mutations (by definition phenotypically silent) elsewhere in the IE-3 genes of the ts viruses. al., 1989) shows not only that the mutated amino acid residues map to a region of high homology between the corresponding proteins of related herpesviruses, but also that the changes occur at residues which are conserved in all three herpesviruses (Fig. 5) . Gel retardation assays can be used to analyse the binding of ts Vmw175 polypeptides to the IE gene 3 cap site. (a) Nuclear extracts from mock-infected (MI) and cells infected with HSV-1 17 syn ÷, inl411 and d11403 were prepared, incubated with the IE-3 probe and the complexes analysed by the gel retardation assay, as described in Methods and in the text. The positions of the free probe, host bands c and b and the Vmw175-specific bands a and a ÷ are marked. The two lanes on the 'left used mock-infected extracts, the other two infected. At the top of the figure -t-indicates that the complexes were further incubated with monoclonal antibody 58S. Extracts from wild-type-and tsK-infected cells were prepared as indicated and incubated with the IE-3 probe at 30 °C (b) and 38.5 °C (c). Complexes a, b and c (as in part a) are marked. The faster migrating free probe has been cut off the autoregulate IE gene expression at the N P T it was of interest to study their abilities to bind to an IE-3 cap site probe. Extracts containing nuclear DNA-binding proteins were prepared from mock-infected ceils and ceils infected with wild-type and the six ts mutant viruses at both the PT and the NPT. These extracts were incubated with an end-labelled 45 bp AvaI-BamHI probe spanning the IE-3 cap site (Muller, 1987) and assayed for specific Vmw175 binding by gel retardation assays (Garner & Revzin, 1981) . Proteins present in mock-infected cell extracts bound to the IE-3 probe to give two complexes, 'b' and 'c' (Fig. 6a) . A single major virus-specific complex 'a' was detected after incubation of the probe with the wild-type infected cell nuclear extract. To show that this complex contained Vmw175, the assay mixture was incubated with the Vmw175-specific monoclonal antibody 58S (Showalter et al., 1981) , which resulted in further retardation of the virus-specific complex to a ÷ (Fig. 6a, lane 4) . Complexes a and a ÷ were not formed with extracts from cells infected with virus in1411, which does not express Vmw175 (Russell et al., 1987) . The results using extracts from cells infected with d11403 (which does not express Vmw110; Stow & Stow, 1986) were the same as those with wild-type virus.
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Comparison of the corresponding amino acid sequences of the related proteins of varicella-zoster virus (McGeoch et al., 1986) and pseudorabies virus (Vlcek et
Initially the DNA-binding properties of tsK Vmw175 were investigated. The results (Fig. 6b) show that whereas Vmw175 from wild-type virus-infected ceils formed specific complex a regardless of the temperature of incubation of the assay mixture or the temperature at which the infections were done, that from tsK was unable to form complex a at the N P T (38-5 °C). Therefore there is a direct correlation between the ability o f t s K Vmw175 to bind to the IE-3 cap site probe in vitro and its ability to autoregulate the IE-3 promoter and to activate early and late gene expression in vivo. Interestingly, Vmw175 from tsK synthesized at 38.5 °C was able to bind to the probe fragment at 31 °C. This result is consistent with previous observations that tsK Vmw175 is reversibly thermolabile (Preston, 1979b; Watson & Clements, 1980) . This analysis was extended to the other ts viruses used in this study. Extracts from cells infected at the PT or the N P T with tsl211, ts1219, ts1221, ts1223 and ts1225 contained Vmw 175 proteins that were able to bind to the probe at 33 °C (Fig. 7a) . If the binding reactions were performed at 39-5°C, Vmw175 expressed by tsl211, ts1219, ts1221 and ts1223 was unable to form the specific complex a. Thus, with regard to D N A binding, Vmw175 from these ts viruses resembles that of tsK in that they bottom of the autoradiograph. Extracts 1 and 2 were from cells infected with 17 + and tsK at 31 °C; extracts 3 and 4 were from cells infected with 17 + and tsK at 38.5 °C. are reversibly thermolabile. The lack of autoregulation at high temperature correlates with the inability to bind to the probe in vitro. In contrast, Vmw175 expressed by ts1225 was indistinguishable from wild-type virus in its ability to bind to the probe at 39-5 °C.
To compare the strengths of binding of wild-type and ts1225 Vmw175 in more detail the assays were repeated at 40 °C and with salt concentrations varying from 0.1 to 0.5 M (Fig. 7b) . The results show that at 30 °C increasing the salt concentration decreased the quantity of probe bound by both forms of Vmw175 and that even at 40 °C ts1225 Vmw175 was able to bind to DNA as efficiently as the wild-type virus protein in the presence of 0-1 M-NaC1. At 40 °C increasing the salt concentration to 0-3 M decreased Vmw175 binding, with that from ts1225 perhaps affected to a slightly greater degree than that of wild-type virus, whereas a 0.5 M salt concentration eliminated binding. Therefore, despite the observation that ts1225 is unable to autoregulate IE gene expression at the NPT in vivo (Fig. 3) the defect, unlike that of the other ts viruses, does not correlate with an inability to bind to the IE-3 cap site probe in vitro. This result suggests that the ability of Vmw175 to bind to the IE-3 cap site region might not in itself be sufficient to achieve autoregulation. This interpretation assumes that during the short time taken to transfer the reaction mixtures from the incubator and to load and start the gel the rates of refolding of the ts1225 Vmw175 and its subsequent binding to the probe are insufficient to explain the apparently normal binding. The crucial ts1225 sample in Fig. 6 (a) was the last to be loaded on the gel and therefore the time allowed for renaturation and binding was less than 1 min. Unfortunately it was not informative to run the gels at the NPT as the complexes became too smeared for interpretation.
An interesting feature of the gel retardation results is that the mobilities of the Vmw175-specific complexes vary slightly between the mutant and wild type proteins (Fig. 7 a) . This suggests that even at permissive temperatures the three-dimensional structure of Vmw175 may be affected by the amino acid changes in the region 4 mutants. This observation is reminiscent of the similar behaviour of a number of insertion and deletion mutants in region 4 (Paterson & Everett, 1988b) and is consistent with the hypothesis that region 4 may not be the principal DNA-binding domain, but rather that it is important for the overall conformation of the protein.
Discussion
We have characterized five novel ts mutants that clearly illustrate the importance of the distal conserved region of Vmw175 in virus infection. Their phenotypes of viral gene expression are similar to those of other ts mutants (DeLuca et al., 1984) with lesions, like those in tsl211 and ts1223, that map between the Sau3A and HincII sites of BamHI k (Fig. 2) . Viruses ts1219, ts1221 and ts1225 have lesions that also map in the 3' portion of the gene and, in the case of the three mutations sequenced, the alterations are in conserved region 4. The importance of the amino acid residues that have been mutated in ts1219, ts1221 and ts1225 is suggested not only by the functional studies, but also by the observation that all three are conserved in the sequences of the corresponding proteins of varicella-zoster virus and pseudorabies virus.
The role of the carboxy-terminal third of Vmw175, which includes region 4, is intriguing. A truncated form of Vmw175 consisting of the first 774 amino acid residues is active (with reduced efficiencies) in both trans-activation and repression transfection assays (DeLuca & Schaffer, 1987) , but is unable to support virus growth (DeLuca & Schaffer, 1988) . Consistent with these results we also found that large deletions that remove all or large parts of the carboxy-terminal end of Vmw175 do not eliminate function, but that smaller deletions and some insertion mutations are deleterious (Paterson & Everett, 1988a, b) . Given that forms of Vmw175 lacking the carboxy-terminal third of the polypeptide can bind specifically to DNA (DeLuca & Schaffer, 1988; Paterson & Everett, 1988b) , that some insertion mutations in region 2 eliminate DNA binding (Paterson & Everett, 1988b; Shepard et al., 1989) and that a relatively small proteolytic fragment of Vmw175 is sufficient for DNA binding (Paterson, 1989) it is likely that the major DNAbinding domain of Vmw175 lies in region 2. What then can be the role of region 4 and why do some mutations in this region affect DNA binding? An important clue in the answer to this question may lie in the observation that many of the ts Vmw 175 polypeptides form complexes with the IE-3 cap site probe which, even at the PT, have reduced mobilities compared to that of the wildtype protein (Fig. 7 a) . Such aberrant mobilities were also observed with other insertion or deletion mutant polypeptides with lesions in region 4 that retained the ability to bind to DNA (Paterson & Everett, 1988b) . It seems likely that the reduced gel mobilities of these complexes reflect a partial unfolding of the bound Vmw175 polypeptides. It can also be argued that regions 2 and 4 might be closely associated in the tertiary structure of Vmw175, such that alterations in the shape of region 4 could affect the DNA binding primarily occurring through residues in region 2 and therefore modulate the functions of region 2 in terms of the selectivity of DNA binding, promoter activation and repression.
How do these results relate to the mechanism of transcriptional regulation by Vmw175 and to the limitations of the in vitro assays used to study its properties? Formally, a surprising conclusion might be drawn. Since the Vmw175 polypeptides expressed by tsl211, ts1219, ts1221 and ts1223 are unable to bind to DNA in vitro at the NPT, yet under similar conditions these viruses are semi-permissive for early gene transcription in the infected cell, it appears that the ability to bind to DNA (or at least to the ATCGTC motif at the IE-3 cap site) might not be essential for promoter activation by Vmw175. This conclusion is surprising, since mutations in region 2 that eliminate the ability of Vmw175 to bind to DNA also eliminate its activity in transcription assays (Paterson & Everett, 1988a, b; Shepard et al., 1989) . How can these apparently contradictory observations be reconciled? The crux of the question is whether DNA binding to the IE-3 cap site probe in vitro is a reliable measure of DNA binding in vivo, either to ATCGTC sequences or to other apparently unrelated binding sequences, such as those defined by Michael et al. (1988) . This question can only be answered by further detailed studies. A further complication is that other IE gene products known to be involved in transcriptional regulation (Everett, 1984 (Everett, , 1986 O'Hare & Hayward, 1985; Sekulovich et al., 1988) are also expressed during infection by the ts viruses at the NPT (Fig. 3) .
On the basis of our studies and comparison with the elegant work on the mechanism of action of the pseudorabies virus polypeptide that is equivalent to Vmw175 (Abmayr et al., 1985; Workman et al., 1988; Cromlish et al., 1989) , we have previously suggested that Vmw175 might achieve both activation of early transcription and repression of IE-3 transcription by simultaneous interaction with DNA and the TATA box binding factor TFIID (Paterson & Everett, 1988b) . If this model is correct (and assuming that defective DNA binding in vitro reflects that in vivo) then the partial activation of early promoters observed at the NPT with the ts viruses studied here suggests that the unfolding of the Vmw175 polypeptides at the NPT does not affect the TFIID interactions and that these are sufficient to lead to transcriptional initiation. In other words that for transcriptional activation TFIID interactions in vivo might substitute for defective DNA binding measured in vitro. The model also suggested that repression of the IE-3 promoter might occur, at least in part, by locking the Vmw175/TFIID complex into immobility by the strong binding of Vmw175 to the cap site ATCGTC. The failure of the Vmw175 proteins of tsK, tsl211, ts1219, ts1221 and ts1223 to autoregulate is then easily explained by the loss of DNA-binding function. However, a second surprising conclusion is that, on the basis of the results with ts1225, the ability of Vmw175 to bind to the IE-3 cap site probe (at least in vitro) is not sufficient to achieve autoregulation of the IE-3 promoter. It may be that the lesion in ts1225, which maps further 3' to those of ts1219 and ts1221, affects the interactions between Vmw175 and TFIID such as to allow transcriptional initiation even in the presence of tightly bound Vmw175. Further resolution of the mechanisms of transcriptional regulation by Vmw175 awaits more detailed information on
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Vmw175 DNA binding in vivo and in vitro and a thorough study of the potential interactions between Vmw175 and host transcription factors, in particular TFIID.
